PbSe nanostructures were synthesized by selenization of lead sheets in a chemical vapor deposition (CVD) set-up under a selenium ambiance. The lead sheets were placed in the different temperature zones, between 300 ○ C and 450 ○ C. Field emission scanning electron microscope (FESEM) images showed that, PbSe nanostructures grown on the lead sheets with different morphologies. PbSe nanostructures with flakes shape were grown on the lead sheets that were placed in the lower temperature, while PbSe nanocubes and nanorods, which were grown on the nanocubes, were grown on the lead sheets in the higher temperature. The phase and composition of the product were identified by X-ray diffraction (XRD) pattern and X-ray photoelectron spectra (XPS). The XRD and XPS results showed that, the PbSe phase was started to form after 350 ○ C and completed at 450 ○ C. However, the XPS results showed that the Se concentration was different in the samples. In addition, Raman measurements confirmed the XRD and XPS results and indicated three Raman active modes, which belonged to PbSe phase for the nanostructures. The optical properties of the products were characterized by UV-Vis. The optical characterization results showed a band gap for the PbSe nanostructures in the infrared region.
Furthermore, PbSe is an extremely promising material for a large number of applications in the mid-and near-infrared emission and detection range, solar cells, electrochromic windows, supper capacitors and optoelectronic devices. [7] [8] [9] [10] In addition, PbSe has one of the larger excitonic Bohr radii, between semiconducting materials (r B ¼ 46 nm). Therefore, it can be observed the quantum effects in the PbSe nanostructures that have sizes smaller than 46 nm simply and its wide range of size-dependent properties. 11 So far, various forms of PbSe nanostructures such as nanowires, 12 nanorods [13] [14] [15] and nanoclusters 16 were reported, which were grown by various methods such as polymeric method, 17 chemical bath deposition (CBD), 18 hydrothermal, 19, 20 and vacuum evaporated. 21 Most of these techniques are usually complex, expensive, and time consuming.
Based on these reasons, in this work, we present a simple and cost effective method for growth of PbSe nanostructures on a large scale. In fact, we report and discuss the characterization of the PbSe nanostructures prepared by a simple selenization of the lead sheets in a chemical vapor deposition (CVD) set-up for the first time.
The PbSe nanostructures were grown by the following procedure. First, four high purity Pb sheets (99.99%) with the dimension of $ 1:5 Â 1 cm and a thickness of 0.5 mm were used as substrates. The sheets were cleaned by soft sandpaper and then ultrasonically cleaned with acetone and methanol for 10 min in each solvent ( Fig. 1(a) ). Then the sheets were put into a horizontal tube furnace (CVD set-up) at 300 ○ C, 350 ○ C, 400 ○ C and 450 ○ C. Stoichiometric selenium powder (99.999%) was used as the source material to create the selenium ambiance in the tube furnace in an alumina boat at the left side of the furnace (at 550 ○ C) ( Fig. 1(b) ). A high purity Ar gas was fed at about 120 sccm into the furnace at one end, while the other end was connected to a rotary pump. The growth process was allowed to proceed for 1 h. A vacuum of 50 Torr was maintained inside the tube furnace during selenization of the Pb sheets. In this manner, the PbSe nanostructures were formed on the Pb sheets ( Fig. 1(c) ).
The morphology and crystal structure of the products were investigated using a field emission scanning electron microscope (FESEM, Hitachi S4160) and an X-ray diffractometer (XRD Seifert ID 3003). The elemental contents of the products were measured by using energy dispersive X-ray (EDX, Quanta 200 F) and X-ray photoelectron spectra (XPS) (VGMicrotech ESCA-2000 with Mg Kα radiation as the excitation source). UV-Vis-NIR (Shimadzu UV-3600) and Raman (Bruker-Senterra Raman Spectrometer, with a He-Cd laser (785 nm) as source) spectrometers were employed to study the optical properties and crystallinity of the PbSe nanostructures.
Figures 2(a)-2(d) show the PbSe products with different morphologies and sizes grown in the different temperature zones from high to low temperature. It can be seen; the shapes of the products vary with the distance from the source material to the substrates. It can be seen, the PbSe nanostructures are started to grow after 350 ○ C ( Fig. 2(b) ) and are completed at 450 ○ C. The nanostructures, which were grown at 400 ○ C, have a cubic shape with around 200 nm in length and 80 nm in width ( Fig. 2(c) ). On the other hand, the nanostructures, which were grown at 450 ○ C, show morphology like lathe-like pieces with around 400 nm in the length and 30 nm in width ( Fig. 2(d) ). In addition, Figs. 2(a)-2(d) shows EDX spectra of the obtained products. It can be seen, the selenium concentration depends on the sample temperature and this concentration increases from lower temperature to higher temperature. In fact, the PbSe nanostructures were formed under high selenium concentration and temperature. In addition, the morphology of the obtained samples depends on selenium concentration and temperature. In fact, selenium vapor was saturated in the higher temperature. Therefore, the PbSe nanostructures were grown in the higher temperature. High magnification SEM image of the sample, which was placed at 450 ○ C, shows that nanowires and nanorods were grown on the lathe-like piece of the PbSe with around 20 nm in diameter (the inset of Fig. 2(d) ). However, the EDX spectra of samples, which were placed in the lower temperature, show oxygen peaks. These oxygen peaks could be due to lower selenium concentration in these zones.
Usually, anion concentration is the most important factor to obtain different morphology in metal-chalcogenide nanostructures. 22, 23 Therefore, according to temperature role as a factor to control selenium concentration in the set-up, obtaining different morphology could be due to different selenium concentration. Figure 3 shows the XRD patterns of the samples. The XRD patterns in Fig. 3 agree with the standard card of bulk PbSe with an fcc cubic phase (JCPDS Card No. 77-0245), with calculated lattice constant of 6:128 AE 0:002 Å. This lattice constant corresponds well to those of the bulk material. The addition of the PbSe peaks; the lead peaks from the sheets, which were placed at 300 ○ C and 350 ○ C, are also detected. However, the lead peaks are disappeared by increasing temperature to 400 ○ C and 450 ○ C. In fact, the FESEM and XRD results show that, temperature of 300 ○ C is a temperature that PbSe phase was started to form and was completed after 400 o C. There are no other peaks related to PbO or other mixed compounds.
The further evidence for the formation of PbSe in the present simple system comes from XPS analysis of the product. The binding energies obtained in the XPS analysis were standardized for specimen charging using C 1 s as the reference at 284.5 eV. Figure 4 is the high-resolution XPS spectra of the PbSe nanostructures that were formed at 400 ○ C and 450 ○ C.
The XPS spectra of the sample that was placed at 400 ○ C are shown in Figs. 4(a)-4(b) . The peak at 52.7 eV corresponded to Se 2À of PbSe (Fig. 4(a) ) and the peaks at 136.9 eV and 141.9 eV corresponded to Pb 2þ of PbSe (Fig. 4(b) ). In addition, the Se spectrum of this sample shows a weaker peak at 57.7 eV that could be due to be small formation of SeO 2 . 24 The XPS spectra of the sample that was placed at 450 ○ C are shown in the Figs. 4(c)-4(d) . It can be observed a single peak at 52.7 eV for Se 2À that belongs to the PbSe structure and no peak appears from Se 4À for this sample. In addition, the Pb peaks have similar positions with the sample that was placed at 400 ○ C. Therefore, these XPS results show exact PbSe structure for the sample that was placed at 450 ○ C. In addition, a comparison between peak areas of the Se spectra shows that Se concentration of the sample, which was placed in higher temperature, more than the sample that was placed in lower temperature. Therefore, the XPS results also prove that, Se concentration is the most important factor that has been taken into account in this method.
Based on these results, the plausible growth mechanism of the PbSe nanostructures can be explained by the following CVD reactions:
Pb (sheet at 400
Pb (sheet at 450 In fact, two factors are important to obtain PbSe nanostructures, one supersaturation of selenide gas at 400-450 ○ C and another is creating of the Pb cluster on the Pb sheet at this temperature. Raman spectroscopy is an effective technique for estimating the crystallinity of materials. It is well known that for crystalline semiconductor materials three modes appear that included longitudinal optical (LO) phonons, transverse optical (TO) phonons, and the surface phonons (SPs). However, the TO and SP modes are not usually observed due to the symmetry restrictions and low intensities, respectively. According to the group theory, single crystalline PbSe belongs to the Fm 3 m space group. Figure 5 shows the Raman spectra of the PbSe nanostructures that were grown at 400 ○ C and 450 ○ C. The first-order longitudinal optical phonons at the Γ-point of the Brillouin zone (LO) at 138 cm À1 is in a similar position to the earlier report. 25, 26 The broad peak at 274 cm À1 is associated with two-phonon scattering (2LO). In addition, the Raman spectra show a SP mode that is stronger for the sample that was grown at 400 ○ C. This mode belongs to the Pb-O-Pb stretching mode at the surface of the nanocrystals. 27 Therefore, the Raman results also confirm that the obtained nanostructures are PbSe.
UV-Vis-NIR absorbance spectra of the PbSe nanostructures are shown in Fig. 6 . The relevant decrease in the absorbance at wavelengths greater than 2050 nm can be assigned to the intrinsic bandgap absorbance of PbSe due to the electron transitions from the valence band to the conduction band. It can be seen a blue shift in the absorbance spectrum of the sample that was grown at 450 ○ C in comparison to the sample that was grown at 400 ○ C. This blue shift can be due to different size of nanostructures in two samples.
A simple selenization of the lead sheets, which were placed at different temperatures, in a CVD set-up was used to grow PbSe nanostructures. The FESEM images showed that, the morphology of the PbSe nanostructures depended on the temperature strongly. The XRD and XPS results showed that, the PbSe structure was formed after 350 ○ C and completed at 450 ○ C. According to the FESEM images and the XPS results, Se concentration was the most important factor to obtain different morphologies for the PbSe nanostructures. The Raman results revealed three main modes of the Raman active modes for the PbSe nanostructures and confirmed the XRD and XPS results. The UV-Vis revealed that the band gap of the PbSe nanostructures was in IR region. Therefore, the PbSe nanostructures could be applied as an IR detector. 
